[1] Forty-one wideband magnetotelluric (MT) soundings were collected in a 150-kmlong transect across the Southern Alps of the central South Island of New Zealand, an active compressional orogen. Decomposed MT impedance tensors, vertical magnetic field relations, and reconnaissance soundings at two locations off line imply an approximately two-dimensional geometry here with average regional geoelectric strike of $N40°E, similar to surface geologic trends. Two independent, two-dimensional inversion algorithms were applied to the MT data, and both imply a concave-upward (U-shaped), middle to lower crustal conductive zone beneath the west central portion of the island. The average conductivity of this zone in the strike direction appears to be much higher than that required across strike and may represent anisotropy or along-strike conductive strands narrower than the transverse magnetic (cross-strike) mode MT data can resolve. The deep crustal conductor under the Southern Alps is interpreted to represent mainly a volume of fluids arising from prograde metamorphism within a thickening crust. Fluid interconnection and electrical conduction are promoted by shear deformation. The conductor rises northwestward toward the trace of the Alpine Fault but attains a nearvertical configuration at a depth of $10 km and reaches close to the surface 5-10 km inland of the fault trace itself. The transition to vertical orientation at this depth is interpreted to occur as fluids ascend across the brittle-ductile transition in uplifting schist and approach the surface through induced hydrofractures. The high-grade schist becomes resistive after depletion of fluids and continues to extrude toward the Alpine Fault. Shallow extensions of the deep high conductivity are coincident with modern, hydrothermal veining and gold mineralization interpreted to be of deep crustal provenance. To the southeast, high conductivity also reaches the surface coincident with a major back thrust fault zone of the doubly vergent Southern Alps orogen, which also exhibits evidence for expulsion of high-temperature fluids. The higher conductivity inferred along strike (possible anisotropy) could reflect more efficient fluid interconnection in this higher-strain direction, as well as possible contributions by sheared, fluid-deposited graphite. Conductivity of the uppermost mantle of the South Island is low, consistent with advection of cold mantle lithosphere into the underlying asthenosphere as suggested by P wave delay studies.
Introduction
[2] The South Island of New Zealand is a modern zone of oblique, continent-continent collision, spawned by recent differential motion of the Pacific and Australian plates [Korsch and Wellman, 1988; Walcott, 1998] . At the surface the plate boundary is marked by the Alpine Fault, which runs most of the length of the island near its northwest coast ( Figure 1 ). Perhaps because of its youth and relatively uniform lithologies, this transpressive orogen is narrower and less complex than most others of the world. The tectonism occurs dominantly on the southeast side of the plate boundary ( Figure 1 ) and has produced the Southern Alps mountain chain, where uplift (up to 10 mm/yr), and the accompanying rates of erosion are among the highest in the world.
[3] Our magnetotelluric (MT) work is part of a cooperative study of the South Island plate boundary involving U.S. and New Zealand scientists (the South Island Geophysical Transect (SIGHT) experiment Stern et al., 1997; Davey et al., 1998] ). Other studies have included onshore/ offshore active source seismology, passive seismology (shear wave splitting, regional tomography, microearthquake systematics), petrophysics, gravity, geodesy, and surface geology. The centerpiece of the SIGHT experiment is a pair of active seismic transects across the South Island, the first along the relatively straight Rangitata-Whataroa River drainages and the second transect to the southwest through the Mount Cook region (Figure 1 ). MT surveying was concentrated along the Rangitata-Whataroa line. Because of the high measurement density and good quality data, this survey offers considerably improved resolution compared to previous conductivity studies of the Southern Alps [Ingham, 1996; Ingham and Brown, 1998; Pringle et al., 2000] .
[4] Electrical resistivity studies of active compressional regimes other than true subduction zones are relatively rare [Chen et al., 1996; Wei et al., 2001] , unlike the case for rift zones Park et al., 1996] . Deep crustal fluids should strongly affect resistivity (or its inverse, conductivity) if interconnected over kilometerscale distances [Haak and Hutton, 1986; Wannamaker and Hohmann, 1991; Jones, 1992; Wannamaker, 2000] . Since rheology is profoundly affected by temperature and the presence of fluids [Kohlstedt et al., 1995] , high electrical conductivity may be an indication of rheologically weak zones in the lithosphere within which deformation can concentrate. On the other hand, active deformation greatly influences fluid interconnectivity [Tullis et al., 1996; McCaig, 1997] , so that low resistivity also may represent the domain of the deformation itself. We believe the electrical resistivity model of the New Zealand Southern Alps presented here offers an image of fluid generation during active crustal thickening, of its transport toward the surface in major zones of crustal weakness, and of the origin and deposition in a modern regime of a globally significant class of gold mineralization.
Geotectonic Setting of the Central South Island
[5] Two lithotectonic subdivisions compose the New Zealand South Island (Figure 1 ) [Korsch and Wellman, 1988; Walcott, 1998 ]. To the northwest lies the Foreland Province of the Australian plate, a fragment of Gondwana Figure 1 . MT site map with shaded relief elevation and regional geology. High-relief areas shown in gray are dominantly pumpellyite-facies graywacke of the Torless terrane. Insert shows location of the two SIGHT transects. Solid lozenges denote MT soundings of the modeled transect or otherwise discussed herein. The Upper Whataroa, Perth, Kokatahi, and Wilberforce Rivers are denoted by Wh. R., Pe. R., Ko. R., and Wi. R., repectively. Onshore-offshore wide-angle seismic profiles appear in the inset. Other locations discussed in the text are Nolan's Flat (NF), Scone Hut (SC), Mistake Flat (MF), Erewhon Station (ER), Mesopotamia Station (MS), Stew Point (SP), Coal Hill (CH), Coldstream Station (CS), Wilberforce MT sites (WF) and Mount Cook sites (MC). Urban centers include Timaru (TI) and Fox Glacier (FG) . Motion vector of the Pacific plate relative to the Australian plate is from Walcott [1998] . Geology is after Gair [1975] , Warren [1975] , Grapes [1995] , and Cox [1995] . Mesothermal gold occurrences [Becker et al., 2000, and references therein] are shown by red dots (Lt Cz Au veins). ETG 6 -2 containing Pre-Cenozoic metasedimentary and crystalline rocks. To the southeast and occupying most of the island is the Rangitata Province of the Pacific plate, a 20-to 30-kmthick clastic wedge of Permian-Cretaceous sediments and metasediments (Torlesse terrane) deposited in an oceanic trench abutting Gondwana [MacKinnon, 1983; Adams and Kelley, 1998 ]. Right-lateral, differential plate motion starting in early Miocene time has led to $480 km of offset and a well-defined plate boundary at the surface along the Alpine Fault.
[6] Most compressional deformation and growth of the Southern Alps has occurred since 6 -7 Ma with $70 km of shortening across our study area [Walcott, 1998] . Although much of the strain lies within 50 km of the Alpine Fault, back thrust and strike-slip faulting persists up to 200 km southeast of the fault offshore into the Pacific Ocean [Cox, 1995; Cox and Findlay, 1995; Upton, 1998; Walcott, 1998 ], consistent with geodynamic models [Beaumont et al., 1996; Batt and Braun, 1999] (Figure 2) . A 0 -3 km veneer of post-Cretaceous sediments, much of it from late Tertiary erosion of the Southern Alps, flanks the island to the northwest (Westland Basin) and southeast (Canterbury Plains), and extends and deepens offshore [Cox, 1995; Walcott, 1998 ].
[7] Large negative Bouguer and isostatic gravity anomalies southeast of the Main Divide (crest) of the Southern Alps imply a thick crustal root below the central South Island southeast of the Alpine Fault, presumably initiated early in the shortening phase [Woodward, 1979; Walcott, 1998 ]. Active seismic data show this root extending to $40 km depth, as compared to crustal thickness 20-25 km near the coasts [Smith et al., 1995; Davey et al., 1998; Van Avendonk et al., 1999] . Depth extent of the root imaged seismically, however, is twice that needed to buoyantly support the Southern Alps topography, pointing to a mass excess in the upper mantle [Molnar et al., 1999; Stern et al., 2000] . Corroborating this inference, teleseismic P wave arrival times require a high-speed mantle zone directly beneath the root, with a geometry favoring relatively homogeneous strain rather than a model of asymmetric, intracontinental subduction.
[8] Crustal seismicity is abundant near the northeastern and southwestern ends of the South Island where subduction occurs but is significantly less in the region crossed by the geophysical transects. Earthquakes recorded from 1993 to 1998 show a seismogenic zone of uniform, 10 -12 km depth extent over wide areas of the central South Island including the Alpine Fault zone itself [Leitner et al., 2001] , consistent with the earlier data of Reyners [1987] . Upper mantle activity under the South Island is uncommon, appearing only in Reyners' results, but its occurrence beneath the center of the island supports the model of a cool mantle root [Molnar et al., 1999; Stern et al., 2000] .
[9] East of the Main Divide, the Torlesse terrane graywacke now is of zeolite-pumpellyite facies metamorphic grade, indicating erosional stripping of $10 km since deposition [MacKinnon, 1983; Grapes, 1995] (Figure 2 ). Owing to exhumation, metamorphic grade within 25 km of the Alpine Fault increases sharply from first appearance of biotite to garnet-oligoclase mineralogy at the fault . Accompanying the grade increase and also reflecting uplift is a drop in 40 Ar/
39
Ar horneblende and fission track ages from Late Cretaceous to <3 Ma at the Alpine Fault . The highest-grade Alpine schists were exhumed from present-day depths of 19-25 km and thinned tectonically by a factor of $3 during transit in a rapid and diapiric fashion [Grapes, 1995; Walcott, 1998 ]. Near the surface, the schist is bounded below by the Alpine Fault and above by a major (unnamed) normal fault (Figure 2 ) which, on our transect, may pass through the Perth-Whataroa river junction (S. C. Cox, personal communication, 1999) . The deep crustal projection of the Alpine Fault is uncertain since ductile rheology locally occurs at depths $10 km [Craw, 1997] and only limited, discontinuous lower crustal seismic reflectivity is observed [Kleffman et al., 1998 ].
[10] The Torlesse formation was accreted to Gondwana in the Late Mesozoic when the highest-grade metamorphism of the schist occurred Grapes, 1995] . Subsequent transtensional plutonism is common in the western Foreland Province [Waight et al., 1998 ]. It is exemplified to the east in the Rangitata Province by the Mount Somers volcanic group Cole, 1996, 1997] (Figure 1 ). Modern uplift toward the Alpine Fault has recrystallized and mylonitized the schist, though to slightly lower metamorphic grade than the original [Grapes, 1995 [Grapes, , also personal communication, 1999 . Late Miocenepresent hydrothermal veining with gold deposition involving a deep crustal fluid component reaches the surface in a broad band paralleling the Alpine Fault but offset southeastward 5 -10 km into the greenschist facies [Craw et al., 1987; Craw, 1997; Johnstone et al., 1990; Becker et al., 2000] (Figure 1) . Davey et al. [1998] , Walcott [1998] , and Stern et al. [2000] ). Metamorphic zonation according to appearance of pumpellyite (pu), chlorite (ch), biotite (bi), and garnet (ga). Other geological features include Rangefront (RF), Forest Creek (FC), and Main Divide (MD) oblique thrusts, and normal fault (NF) bounding extruded, high-grade Alpine schist [Walcott, 1998; Upton, 1998 ]. Steep, wavy lines portray diffuse Australian-Pacific plate boundary, which was vertical and purely strike-slip in Miocene time [Walcott, 1998 ].
[11] Heat flow data from the central South Island are sparse, and thermal models are based on assumed uplift rates, geothermal gradients, and rheology [Allis and Shi, 1995; Walcott, 1998 ]. Accounting for growth of the crustal root, Shi et al. [1996] model strongly uplifted isotherms toward the Alpine Fault and downward deflection of isotherms within the thickened crust due to advection of material toward the root zone. Petrologic thermobarometry implies Late Cenozoic temperatures of 500 -550°C at $25 km depth near the root zone, so that melting in biotite or higher-grade deep schists appears unlikely [Miyashiro, 1994; Grapes, 1995] . Fluid inclusion studies and thermal modeling [Craw et al., 1994; Batt and Braun, 1999] imply nearly isothermal (adiabatic) uplift toward the Alpine Fault from deep crustal to shallow depths. However, lateral thermal variations are not reflected in thickness variations of the seismogenic zone over the central South Island [Leitner et al., 2001] .
Brief Definitions for Magnetotellurics
[12] The MT method uses naturally occurring electromagnetic (EM) wave fields as sources for imaging the electrical resistivity structure of the Earth [Vozoff, 1991; Jiracek et al., 1995] . Because the fields have a distant origin and the Earth-air impedance contrast is high, the incident EM waves usually are treated as planar in geometry and propagating vertically downward. In the conducting Earth, EM waves travel diffusively, such that high-frequency (short period) waves penetrate a relatively short distance while low-frequency (long period, >100 s) waves may reach the mantle.
[13] The secondary electric (E) and magnetic (H) vector fields scattered back to the surface by buried structure may have arbitrary polarization relative to the incident fields. This requires a tensor relationship between the measured fields as a function of frequency ( f ) or its inverse period (T ), denoted for the horizontal components through
where Z is the 2 Â 2 complex impedance. The individual impedance elements typically are transformed into an apparent resistivity (r a ) and an impedance phase (f) for presentation and modeling. On a uniform half-space of resistivity r, r a = r, and f = 45°. For more complex structures, r a versus T usually resembles a smoothed version of r versus distance below the measurement.
[14] Over two-dimensional (2-D) structures where one of the measurement axes is parallel to geoelectric strike (x here by convention), the diagonal entries of z are zero [Vozoff, 1991] . In this situation the MT response separates into two independent modes. These are the transverse electric (TE) mode, where E x = Z xy H y and electric current flows parallel to strike, and the transverse magnetic (TM) mode, where E y = Z yx H x and current flows perpendicular to strike. Analogously, a 1 Â 2 tensor K z relates the vertical and horizontal magnetic fields through
For a 2-D Earth, K zx = 0, and K zy reflects the distribution of current flowing along strike (TE mode).
Observed Magnetotelluric Data
[15] Because the structure of the central South Island is oriented approximately NE-SW, we concentrated our MT soundings in a NW-SE transect in an attempt to achieve a well-resolved section through the orogen (Figure 1 ). In addition to the 41 sites on the transect, there are two MT site pairs located near the Rakaia-Wilberforce river junction, and near Mount Cook, which provide important indication of continuity along strike in the region of greatest crustal thickening. The MT data were recorded by the University of Utah dual-site system, with induction coils (EMI, Inc.) and Pb-PbCl 2 electrodes separated by 200 m used to measure the magnetic and electric fields, respectively. The typical recording period range was 0.005 -1000 s, with bandwidth, gain, and run time settings of each site configured from a central recording location (van or tent) via digital FM radio telemetry. A right-handed coordinate system with +z downward and exp(iwt) time dependence (w = 2pf is angular frequency) are assumed for both data collection and modeling.
[16] Synchronized recordings allow each site to be used as a reference for the other [Vozoff, 1991] , to enable noise with a correlation distance less than the site separation to be suppressed. At five mountainous sites requiring helicopter support and having limited line-of-site telemetry, only one five-channel setup typically was installed with a two-channel local reference (coils) situated usually a few hundred meters away. EM field spectra with multiple coherencies <0.75 typically were rejected, and MT response functions and errors were computed using formulas of Gamble et al. [1979] . This worked well in general, with the exception of nonplane wave noise produced by current fluctuations in the northeast-southwest oriented direct current (DC) transmission line (Figure 1) , which we will exemplify later. Noise produced by electric fences was a problem also in the 0.3-3 s period range in the farming areas of the Westland Basin and Canterbury Plains (Figure 1 ).
Geoelectric Strike Definition
[17] The northeast-southwest trend of regional geology in our study area suggests that large-scale geoelectric structure should be aligned similarly, suggesting that 2-D interpretation may be possible. MT impedance principal directions, corrected for near-surface distortions [Groom and Bailey, 1989] , are plotted for periods 0.1-10 s at sites from Scone Hut to Erewhon Station (Figure 3) . These sites and periods show the strongest evidence for elevated deep crustal conductivity (discussed in section 4.2). Data from stations farther southeast cannot be used because of apparent DC power line noise, while data to the northwest on schist near the Alpine Fault exhibited unstable strike angles for T > 1 s due to the weakness of the TE mode response there.
[18] One of the principal impedance directions in Figure  3 is N42°E ± 19°(1 SD), similar to those of earlier MT profiling $70 km to the north of our transect [Ingham, 1996; Ingham and Brown, 1998 ]. This direction is $10°n orth of the general trend of the island, similar to the foliation direction of exposed schist, numerous faulting and topographic trends southeast of the Alpine Fault, and many of the shear wave splitting directions [Norris and Cooper, 1995; Cox, 1995; Klosko et al., 1999; Leitner et al., 2001] . At shorter periods, average impedance strike is 6 -4 closer to N30°E, while at long periods it swings toward N50°E similar to the trend of the coastlines (not plotted). The 90°ambiguity in geoelectric strike from the impedance is resolved using K z , which we show is consistent with x ffi N40°E for 2-D modeling. This choice of strike also parallels the DC transmission line, so that its coherent noise affects only the TE mode and leaves the TM mode essentially uncontaminated across the transect.
Transverse Magnetic Mode Impedance Data
[19] The TM mode results r yx and f yx are shown in [20] Perhaps the most significant transect feature is the anomalously high f yx , and minimum in r yx , centered near and southeast of the Main Divide (Figures 4 and 5) at T = 0.1-20 s. It signifies a crustal-scale conductive zone in the west central portion of the transect under the Southern Alps. The anomaly is robust to moderate strike angle rotations, with little change visually when the x axis is varied from N30°E to N45°E. It develops abruptly $10 km inland of the Alpine Fault near Nolan's Flat (site 9801), but then nearly vanishes southeast of the Forest Creek-Lake Heron fault zone (near site 9615) (Figures 4 and 5) . Such sharp transitions suggest that the conductor approaches the surface in these areas, enabling vertical channeling or leakage of regional electric currents induced in nearby seawater or other large, shallow conductors [Mackie et al., 1988; Park et al., 1991; Wannamaker et al., , 1997 .
Transverse Electric Mode Impedance Data
[21] The TE mode apparent resistivity and impedance phase (r xy and f xy ) in Figure 6 resemble the TM responses for T < 1 s, similarly reflecting the near-surface geology. For T > 30 s, however, we have f xy > f yx and r xy < r yx as T increases. In contrast to the TM data, there is no simple peak in f xy for T = 1 -10 s over the Main Divide area. Instead, there is a subtle ridge of f xy for T = 0.1 -0.3 s and a stronger one for T = 10 -50 s, separated by a period band of lower f xy . For T > $100 s the TE data are of poorer quality than the TM as the along-strike electric field becomes weak, in part due to the island-flanking sediments and seawater [cf. Ingham and Brown, 1998 ]. Over the schist from the Alpine Fault southeastward $10 km to the Perth-Whataroa river junction (Figure 1 ), r xy and f xy at short T (0.01 -0.8 s) are fairly uniform (e.g., 100 -200 m) with r xy < r yx and f xy > f yx .
[22] Often there is complex lateral variation in r xy and f xy even at long periods ( Figure 6 ), which is not solely due to noise in the TE data. It appears for T > 1 s under the Alpine Fault and Nolan's Flat areas, and for T > 20 s under Stew Point and Coal Hill. Impedance decomposition was unable to define laterally smooth and consistent TE behavior at these periods within moderate strike angle variations, indicating that these TE data are 3-D. The TE impedance element there is smaller than the TM and more prone to impedance mode mixing by shallower structures [Bahr, 1988; Groom and Bailey, 1989; Wannamaker, 1999] . However, such complex, almost site-to-site variation is not seen in the TM response here or elsewhere, indicating that our regional strike choice of N40°E is a good approximation for this mode.
Vertical Magnetic Field Transfer Functions
[23] Large, positive Re(K zy ) is seen near the northwest end of the profile (Figure 7 ), due in part to the continentocean contact. However, the response is separated into two maxima of $0.5, one for T = 1 -10 s from the Alpine Fault to the Main Divide and one for T > 100 s nearer to the coast, with an intervening minimum at T = 10-100 s. We will show that this minimum also indicates high crustal conductivity deep beneath the orogen. Re(K zx ) over the western part of the orogen is small for T < 50 s except local to the Alpine Fault, confirming N40°E as a reasonable strike choice for modeling crustal structure in this area. Groom and Bailey's [1989] rotation estimates for soundings from Scone Hut (site 9803) to Erewhon Station (site 9508) in the period range 0.1-10 s, where lower crustal higher conductivity is most apparent and where power line influence is absent. Azimuthal ordinate is MT coordinate orientation in degrees east of geographic north. Radial abscissa is number of rotation estimates (one per period) falling within 10°coordinate increment. Accounting for the 90°a mbiguity, the average azimuth is N42°E ± 19 (1 SD) for these sites, and N40°E is used for all soundings in the interpretation.
[24] Near the southeastern coast, Re(K zy ) for T > 30 s is only weakly negative, presumably in part because of thinner flanking sediments and seawater here. There is a lowamplitude but island-wide anomaly of Re(K zx ) < 0 for T > 50 s resembling similar data of Chamalaun and McKnight [1993] . Conductors offshore do not explain this [Pringle et al., 2000] , and a large-scale conductivity increase to the northeast is implied. Lack of a clear reversal in Re(K zx ) between coasts is consistent with our assumed strike lying between average trends of offshore conductivity to the northwest and southeast, indicating that N40°E is a reasonable strike approximation.
Effect of the DC Transmission Line
[25] To the southeast over the Canterbury Plains, a large reversal in Re(K zy ) for T = 1 -10 s straddles the Lake Benmore-Wellington DC transmission line (Figure 7b ), whose current fluctuations emit EM fields which exceed the natural MT signals in this MT dead band [Vozoff, 1991] . The reversal has the opposite sense to that occurring in MT over a crustal conductor, which alerts us to an artificial cause. In the TE impedance the line causes cusp-like behavior in the r xy soundings (ridge in pseudosections) and decreased values of f xy at T = 1-20 s southeast of Stew Point (SP) (Figures 6a and 6b ). An abrupt return to plane wave values occurs for T > 20 s as the MT signals of this longer-period band are strong and overwhelm the artificial EM fields, while line currents at short periods (<1 s) produce harmless quasi-planar waves.
[26] However, with our geoelectric strike of N40°E, power line noise has minimal influence on the TM mode data, with soundings having smooth, continuous behavior Here station location is the abscissa, and log period (T) is the ordinate for contour plots of response function. Shown are apparent resistivity and impedance phase (r yx and f yx ). Landmarks are as in Figure 1 , plus northwest coast (NW), Whataroa Delta (WH), Alpine Fault (AF), Lake Benmore-Wellington power line (DC), and southeast coast (SE). Pseudosections of calculated r yx and f yx (Cal) for the finite element (FE) inversion model of Figure 10 are plotted beneath the observations (Obs). Data with r yx errors >0.5 units and f yx errors >33°have been blanked out. Small dots show data at each period at each station. from middle to long periods ( Figure 5 ). Moreover, Re(K zx ) ( Figure 7a ) exhibits no broad reversal across the transmission line like Re(K zy ), which it would if N40°E was an incorrect choice since part of K zy would project to K zx .
Re(K zy ) shows that the problem does not persist northwest of Mesopotamia Station (MS) and elsewhere it is limited to T = 1 -10 s typically. The area of the Southern Alps where the deep crustal conductor is evident therefore appears free Figure 5 . Montage of TM mode r yx and f yx for the 41 soundings of our South Island MT transect, in the N40°E reference frame. Each r yx sounding is plotted relative to a baseline (thin vertical line), which is its short-period value, and displaced 1 log 10 unit from its neighbor. Thus they are plotted sequentially and not with true distance. Each f yx sounding is plotted relative to a baseline of 45°and is separated by $66°from its neighbor. Width of data symbol is 1 standard deviation, with minimum width of 0.08 log units. of this contamination for both TE and TM modes, so that both can be utilized in the inversion here. Future MT surveying in the South Island should incorporate a distant (>100 km) remote reference for near-field noise abatement.
Off-Transect MT Soundings
[27] Pairs of remote-referenced MT soundings also were recorded at two locations $60 km to the NE and SW of the main transect, near the confluence of the Rakaia and Wilberforce Rivers and near Mount Cook on the southern SIGHT transect (Figure 1 ), respectively. These sites provide evidence that the deep conductivity below the area of greatest crustal thickening persists along strike, and thus they add support for a 2-D approach to interpretation. Data at both sites of the pairs are similar, and one of each is plotted in Figures 8 and 9 (WF and MC, respectively, of Figure 1 ).
[28] The MT site deployed northeast of the main transect (Figure 8 ) is a reoccupation of site 15 of Ingham [1996] near the Wilberforce River. The x axis of our data here is oriented N35°E as in the study of Ingham for comparison, although negligible changes in sounding character occur with coordinate rotation to x = N40°E. Our data exhibit the well-defined minimum in the TM apparent resistivity (r yx ) at T ffi 10 s and phase maximum at T ffi 3 s that characterize the transect soundings between Erewhon and Mistake Flat (Figures 1 and 5) , which are at comparable distances from the Alpine Fault.
[29] The data of Ingham [1996] at this site also show rather high and rising r yx and f yx < 45°at short periods, leveling off at middle periods (0.3 -10 s). In contrast, our data do not show decreasing r yx and f yx > 45°for T > 20 s as did Ingham's. It is this long-period behavior which underpinned the inference by Ingham [1996] of a strong, laterally confined conductor of indefinite depth extent. We believe Ingham's [1996] long-period data are unreliable as our MT results here exhibit generally small error bars and a Figure 10a is plotted beneath the observations (Obs), while calculated f xy just from a priori (AP) model described in text is at the bottom. Data with r xy errors >0.5 units and f xy errors >33°h ave been blanked out. Black lines denote data retained for inversion, with hachures lying on side of excluded data.
character like the numerous sites of our transect at comparable distances from the Alpine Fault. Also, the Utah MT field system response has been verified in coincident site occupations with other MT systems [Young et al., 1988; Wannamaker et al., 1989 Wannamaker et al., , 1996 .
[30] In the data from near Mount Cook, a cusp-like nearfield effect in the xy mode presumably due to the DC transmission line $50 km southeast is observed for T = 2 -10 s (Figure 9 ). Unlike the main profile, some effect appears in the TM mode also, perhaps due to sinuous power line layout. Recordings attempted farther southeast, on the southern SIGHT transect, showed greater contamination and are unusable. Near-field influence appeared wider spread in the southern South Island perhaps because conductive Canterbury Plains sediments are absent, resistive higher-grade rocks extend near-surface, MT signal was low, or the artificial EM fields were unusually strong at that time.
[31] Nevertheless, despite minor contamination of the TM results, a broad minimum in r yx and peak in f yx occurs similar to the results of the MT transect at comparable distances from the Alpine Fault. This is consistent with enhanced deep conductivity in the Mount Cook area also. Although the number of usable data is limited, decomposed impedances in this band at both Rakaia and Mount Cook sites appear compatible with a N40°E geoelectric axis. From the entire collection of MT results we conclude that low resistivity in the deep crust has considerable strike extent below the Southern Alps, although we cannot resolve details of its variation along strike.
Resistivity Model Construction
[32] The central South Island setting has a dominant geoelectric strike, but it is not purely 2-D. To minimize Figure 7 . Pseudosections of the in-phase (Re) component of K zx and K zy . Landmarks as in Figure 4 . Note the strong reversal in Re(K zy ) indicative of DC power line influence but the absence of such in Re(K zx ). Pseudosection of calculated Re(K zy ) (Cal) from the finite element inversion model of Figure 10a is plotted beneath the observations (Obs), while calculated Re(K zy ) just from a priori model is at the bottom. Data with Re(K zx ) or Re(K zy ) errors >0.5 units have been blanked out. Black lines denote data retained for inversion, with hachures lying on side of excluded data.
errors in 2-D models caused by possible 3-D effects of various scales, we emphasize subsets of the MT data which are relatively robust in the 2-D assumption. Subsequently, we produce 2-D models through regularized inversion techniques intended to minimize model artifacts which may arise from noise in the data.
Selection of MT Data for Inversion
[33] Initially, in our 2-D interpretation we utilize the TM mode data with a fixed N40°E strike for several reasons. First, the TM mode over a 2-D structure includes galvanic (boundary charge) terms in its formulation, as must the corresponding observed response across the South Island [Wannamaker et al., 1984; Wannamaker, 1999] . These terms are not contained in 2-D TE responses, and so the effects of along-strike (3-D) variations are fundamentally underrepresented in the TE mode. Second, TM mode impedance anomalies along profiles over either 2-D or 3-D laterally confined bodies are zero mean; no such long-wavelength character can be defined for the xy mode data [Torres-Verdin and Bostick, 1992; Wannamaker, 1999] . Hence large-scale biases in model depths or resistivities are possible in 2-D TE modeling if 3-D effects are present but are suppressed in modeling the TM mode if along-profile coordinates such as in this study are used. Third, 2-D modeling of fixed-axis, TM mode data across 3-D conductors can yield remarkably accurate cross sections, even for profiles which are not closely centered over the body, because of the inherently galvanic nature of the anomalies in both 2-D and 3-D cases [Wannamaker, 1999] . This approach is justified further by the continuity of enhanced deep conductivity in the thickened South Island crust implied by the off-transect soundings. Fourth, the TM response near oceanic and regional sedimentary conductors potentially exhibits vertical current-channeling effects in major tectonic features, thus enhancing resolution of such features. Finally, the South Island TM data are more robust than the TE to modest rotation angle changes and power line interference and are usually of higher statistical quality.
[34] Subsequently, we utilize a subset of the TE data considered relatively free of 3-D and near-field effects for inversion (delimited in Figures 6 and 7) to search for narrow conductive structures or anisotropy which may not influence the TM response. This includes Re(K zy ) over the 22 northwestern sites (9512 -9506) from 0.01 to 110 s, and TE phase f xy across the Main Divide region (sites 9803 -9506) from 0.1 to 110 s. The r xy data over the Main Divide are not used to avoid possible near-surface conflicts with r yx (TM mode). TE mode data for T > $100 s are generally of poorer quality and increasingly vulnerable to uncertainty in the offshore constraints. Also used are f xy at short T (0.01 -0.8 s) from Nolan's Flat northwestward (sites 9512 -9811). Longer periods there are omitted due to along-strike variation of Westland Basin sediments evident from outcrop ( Figure 1 ) and 3-D behavior over the Alpine schist. For modeling local, near-surface properties of the Alpine schist, r xy at sites 9809-9801 for T < 1 s is included. Joint inversion of f xy and Re(K zy ) is valuable, as the effect of finite strike on the two quantities differs and is recognizable in the misfit [Wannamaker and Hohmann, 1991; Wannamaker, 1999] .
Regularized Inversion Approaches
[35] Regularization (damping) must be applied in the inversion of diffusive EM data like MT to reduce model Figure 9 . Sounding results from site 9622 near base of Mount Cook 70 km southwest of the main transect. Note minimum in r yx and peak in f yx at middle periods, with increasing r yx and lower f yx at longer periods as evidence of lower crustal conductivity similar to main transect. Nearfield EM effect, possibly of Lake Benmore power line, seen at a few data points at middle periods of TM (yx) mode, but more strongly on TE (xy). Suspected near-field effect points are labeled nf. Figure 1 ; reoccupation (reocc) of site 15 of Ingham [1996] ). Note minimum in r yx and peak in f yx at middle periods, with increasing r yx and lower f yx at longer periods, as seen also on the main transect.
instability [Parker, 1994] . We have applied two forms of regularized inversion to the South Island data subset and compare the resistivity models as an assessment of resolution. Features that are common to both types of model are considered robust and appropriate for geological interpretation.
[36] The first type of inversion uses the finite element (FE) simulator and Jacobians of and DeLugao and and damps model variations from an a priori structure [Tarantola, 1987; Mackie et al., 1988] . A Gauss-Newton solution for the parameter step is used. The second type is a nonlinear conjugate gradient algorithm using a finite difference (FD) solver which damps the spatial Laplacian (curvature) of resistivity against that of an a priori model [Mackie et al., 1997; Rodi and Mackie, 2001] . The method thus imposes smoothing more explicitly than the finite element code. In both inversions, model parameters are log 10 r, while data are log 10 r a , linear f, and dimensionless Re(K zy ).
[37] Similar a priori models were used for both inversion algorithms. The ocean bathymetry and resistivity (0.3 m) are fixed, as is the thickness of the coastal and marine sediments from Kamp et al. [1992] , Cox [1995] , and Holbrook and Davey [1996] . Marine sediment resistivity was fixed at 1 m (available well logs and from Lei and Nobes [1994] ). A priori resistivities of sediments and the upper 1 -2 km of section on land were determined by 1-D inversion of data for T < 0.1 s using Marquardt's method [Petrick et al., 1977] . Otherwise, a priori resistivity under the South Island was set at 2000 m. The seawater and marine sediments were thinned to zero $8000 km beyond each side of the island.
[38] Total mesh size for both codes was $270 nodes wide by 50 deep, usually with four element or difference columns per MT site. Given the simple, first-order approximation for auxiliary (cross-strike) fields and Jacobians in the FD solution [Rodi and Mackie, 2001] , each column of difference cells is a parameter column, defining a rectilinear parameter grid throughout. Thus there usually are four parameter columns per MT site in the mesh. Given the second-order approximation for auxiliary quantities in the FE solution [DeLugao and Wannamaker, 1996] , typically, there are only two columns of parameters per MT site in the FE mesh. As depth increases in the FE model, parameter thicknesses and widths expand to help equalize parameter influence on the MT response according to EM scaling [Grant and West, 1965] , so the FE parameter grid is not rectilinear throughout.
Transverse Magnetic Mode Data Inversions
[39] Inversion models by each method using only the TM data are shown in Figure 10 . In the FE solution the L-2 norm of the model covariance matrix was weighted to be 0.15 relative to the error-weighted Hessian matrix [Tarantola, 1987] . Model covariance damping in the FD inversion was set to a comparable value [Mackie et al., 1997] . Error intervals were retained at their nominal values during the inversion, without downweighting poorly fit data at later Figure 10 . Electrical resistivity models of the New Zealand South Island MT transect based on (a) finite element and (b) finite difference inversion algorithms applied to the TM mode observations. Profile topography is that along station transect, while smoothed topography is that averaged over a ±25 km strip normal to the profile. There is no vertical exaggeration. Landmarks are as in Figure 4 , plus Abut Head (AH), Forest Creek fault zone (FC), and east coast (EC).
iterations. The overall root-mean-square (RMS) misfit e R [e.g., Siripunvaraporn and Egbert, 2000] was 3.7 for each inversion, so the two models should be considered equivalent in terms of overall TM mode fit. Both inversions were ended when misfit reductions per iteration became <0.05%. Relaxing the damping to near zero achieved e R ffi 3.5, which appears close to the lower limit of misfit possible for this data set, but rougher models were obtained. Although e R = 1 is expected for Gaussian errors and a 2-D structure, the fit is considered good given the high quality of the data (e.g., phase errors commonly as low as 0.25°; fit shown in Figures 4 and 5 for the FE model) . An e R > 1 may reflect data errors unrepresentative of data scatter [Parker and Booker, 1996] , or local 3-D or coherent noise effects. The FD inversion, with its finer parameter discretization and explicit curvature damping, appears somewhat smoother than the FE model.
[40] In both 2-D MT inversions, there is little change in the Westland Basin or Canterbury Plains sediments from those in the a priori structure. The latter sediments exhibit moderately high resistivities (100 -400 m) in the upper 200 -500 m over conductive deeper strata. Ingham [1997] derived similar resistivities, correlated with Quaternary gravels over finer-grained Tertiary clastics. The Westland Basin sediments terminate abruptly near the Alpine Fault. Resistivities of near-surface Torlesse graywacke and equivalent metamorphic rocks span 500-3000 m.
[41] The principal feature of both models of Figure 10 is an orogen-scale, low-resistivity zone in the middle and lower crust, northwest of Stew Point (SP) and southwest of the Alpine Fault, which simulates the previously described peak in f yx and decrease in r yx . The zone shallows to the northwest and approaches the surface near the PerthWhataroa river junction, 5 -10 km southeast of the Alpine Fault. The top of the concave upward, main ridge of conductivity lies as deep as 25 km between the Main Divide and Mesopotamia Station (MS). The conductor does not continue southeast of Stew Point (SP), but instead it also shallows to the surface near the Forest Creek-Lake Heron fault zone. In diffusive EM methods it is hard to separately resolve conductivity and thickness in thin layer-like conductors, so resolving the product (conductance) often is all that is possible. Hence actual resistivities in our models could be lower but more concentrated spatially. Farther southeast, both inversions show high crustal resistivities of $2000 m or somewhat greater.
[42] Overlying the main conductor from $15 to 45 km southeast of the Alpine Fault is a second, weaker conductor also with a concave upward shape (Figure 10 ). It is separated only partially from the main, deeper one but is needed to replicate the breadth of period range of the main anomaly in r yx and f yx . At depths below 35-40 km, resistivities rise to >1000 m, before falling to $200 m at depths beyond 70 km (below the plot).
[43] The deep crustal conductive layer does not appear southeast of Stew Point in either inversion model (Figure 10) . However, to test whether the data at least permit one, we imposed a layer of similar conductance (35 S) in the southeast portion of the FE inversion model of Figure 10a (not plotted). The 5-km-thick layer extended southeastward from the primary deep conductor in the Erewhon area at 22.5 km depth for $150 km, which is the known lateral limit of modern transpressional deformation. This layer produced a peak in f yx reaching $35°at T ffi 3 s in the Coal Hill (CH) area, unlike the observed values of $20°in Figures 4b and 5 , plus computed r yx lower than the data by about a factor of 2 causing e R > 15 at these sites. Other tests showed that layer segments disconnected from the main conductor could exist here in the lower crust with negligible influence at the surface, but this amounts to unneeded complexity. Thus high conductivity like that beneath the Main Divide region does not appear to continue significantly to the southeast.
Vertical Current Channeling and Major Fault Zones of the South Island
[44] TM mode currents induced in the conductive seawater and sediments flanking the South Island are channeled vertically into the deep crustal conductor, enhancing its MT response. This is demonstrated by replacing the flanking conductors (including Westland Basin and Canterbury Plains) in the FE model of Figure 10 with the 2000 m background resistivity and recomputing the response [cf. Park et al., 1991] (Figure 5 ). In a two-layer host (overburden or porous rock upon basement) the lateral decay of TM mode currents from the edge of a regional conductor is exponential, with a decay distance depending upon the top layer conductance and the basement transverse resistance [cf. Park et al., 1991] . A crustal-scale, steep conductor such as that beneath the Perth-Whataroa river junction can short circuit these currents to the lower crust, causing an abrupt drop in the near-surface current density thereby reducing the impedance inland of the vertical conductor.
[45] The calculations in Figure 5 show that the flanking conductive sediments and seawater strongly and uniformly amplify the MT impedance relative to that in their absence starting at T ffi 0.1 s over the high-grade Alpine schist (sites 9810-9806). The inflated r yx and lower f yx of the observed and inversion response signify the induced currents forced onto the resistive outcrop in the TM mode [Park et al., 1991] . However, this effect (difference between computed responses with increasing T) diminishes rapidly beyond the Perth-Whataroa river junction. This denotes loss of nearsurface excess current, so that the computed curves diverge only for T > 10 s from the Main Divide (site 9812) southeastward, reflecting island-wide inflation of the impedance at longer periods by the seawater and sedimentary basins. The lateral transition in MT response across the shallow, northwest limb of the deep crustal conductor is much greater with the seaward conductors present than without, showing that vertical current channeling in the TM mode can enhance resolution of such crustal-scale features.
[46] In contrast, the divergence in computed TM mode responses with and without the flanking regional conductors across the Forest Creek-Lake Heron fault zone (southeast area, Figure 5 , bottom) remains relatively smooth. This implies little regional current flow is concentrated into the steep, crustal-scale conductor here (Figure 10) . Rather, the increased slopes of r yx versus T in the Forest Creek area (sites 9617 -9614) signify higher resistivities near the surface, coincident with the Mount Somers intrusive field. The sedimentary and oceanic sections to the southeast are thinner and more distant than to the northwest, so excess currents connected with the southeast margin do not affect this area until longer periods, whereupon they diffuse over broader volumes of the crust.
Inversions of Transverse Electric Mode Data
[47] Although we consider the TM mode-derived inversions of Figure 10 to be relatively robust with respect to the 2-D assumption, their TE responses do not fit the TE observations. For example, computed f xy from the FE model shows a mild peak (50 -55°) for T ffi 3 s over the Main Divide area (sites 9811 -9506), whereas the data there show a weaker peak ($50°) for T ffi 0.3 s and a higher phase ridge ($60°) at T = 10-20 s (Figures 6b and 6c) . At T > 200 s over the west central portion of the island we see computed f xy > 60°which is principally the effect of the sedimentary basins and seawater ( Figures 6c and 6d) ; the f xy data are scattered but generally lower valued. A single large peak in Re(K zy ) for T > 10 s decaying inland from the Westland Basin is calculated from the inversion model (Figure 7c ), only slightly weaker than that with purely 2000 m under the orogen (Figure 7d ), in contrast to the bimodal character of the data (Figure 7b ). Given these misfits, we attempt inversions including the selected TE data described previously.
[48] Joint TM-TE inversions including the TE data subset defined earlier using both FE and FD codes are shown in Figures 11a and 11b . For both models, misfit e R ffi 4.3 and the FE computations appear in Figure 12 for comparison to the data. The models are similar qualitatively to Figures 10a and 10b but with conductance of the lower crustal conductor increased by more than a factor of 10 at isolated regions. The cross-strike restriction of high conductivity in the lower crust prevents an increased TM mode response in Figure 12 while still approximating the TE data, as was seen also with the North American Central Plains anomaly [cf. Wu et al., 1993] . The deep, high conductivity in the TE models persists to somewhat greater depths than that of the TM, although this may be due to model smoothing in the inversion.
[49] Our models in Figure 11 reproduce most of the bimodal character of Re(K zy ) for T = 1 -300 s over the western orogenic area (Alpine Fault to Main Divide) (Figure 12d ). In particular, the intervening low in Re(K zy ) here from T = 20-100 s is simulated by the response from the deep crustal conductor in our models which is in opposition to the coastal conductor. Although we do not thoroughly explore the roles of individual conductive strands of the deep structure, test calculations (not shown) indicate that the strong conductor under Erewhon is important for reducing K zy sufficiently southeast of the Main Divide. A distinct ridge in computed f xy for T = 5-30 s and subtler minimum for T = 0.3-3 s are seen below the Main Divide in Figure 12c also, similar to the data, but not seen in f xy from the TM-only model (Figure 6c ). Figure 11a . (c) Finite element model from inversion of selected Re(K zy ) and f xy data for 21 northwestern sites using TM mode-derived FE inversion model of Figure 10a as an a priori structure (AP, a priori structure is TM model). Landmarks are as in Figure 4 , plus Abut Head (AH), Forest Creek fault zone (FC), and east coast (EC).
[50] The inversion of Figure 11a fits the TM data to e R = 4.1, up slightly from 3.7 for the TM-only model, while RMS errors for f xy and Re(K zy ) were 6.1 and 5.4. Higher misfit of the TE data occurs mainly because computed Re(K zy ) slightly underfits the observed bimodal anomaly, while computed f xy somewhat exceeds the data values T = 5 -30 s. Greater weighting of Re(K zy ) improves its fit and gives yet higher deep crustal conductance, but this increases the computed ridge of f xy for T = 5-30 s, and vice versa. A simple 3-D effect can explain this modest dichotomy, in which deep crustal conductance along strike to the northeast or southwest (or both) of our transect is somewhat greater than appears in Figure 11 , thereby inflating the along-strike electric field and current flow under our line from the purely 2-D situation (a current ''bottleneck'' [Rokityansky, 1982; Jones, 1983; Wannamaker, 1999] ). Nevertheless, inversion of either Re(K zy ) or f xy alone with the TM data (not shown) yields along-strike deep conductivity which is higher than that of the TM-only inversion despite the presence of the current bottleneck.
[51] An inversion of f xy and Re(K zy ) only was performed also, using the TM mode inversion of Figure 10a as the a priori structure. This gives similar data fits but yields a model which is smoother laterally, more akin to broadscale, microanisotropy free from the clumping tendencies (constrictions) induced by the TM mode data (Figure 11c ). Enhanced deep conductivity appears in two broad areas, one below and west of the Main Divide and a lesser one below Erewhon-Mesopotamia. Individual inversions of f xy and Re(K zy ) also show similar broad-scale conductors, although again to differing degrees. In short, all inversions including TE data show an increased conductance in the orogen's lower crust to along-strike current flow, whether this is represented by narrow conductive heterogeneity or intrinsic anisotropy. Pringle et al. [2000] also inferred high conductivity in the strike direction from geomagnetic variation data along a profile $100 km to the northeast, somewhat higher, in fact, than in our models. Broad-scale increases in conductivity to the northeast could explain Re(K zx ) < 0 for T > 50 s across the island (Figure 7a ) and contribute to the current bottleneck effect suggested above.
[52] Calculated responses at site 9608 near the Main Divide are compared to the data in Figure 13 , representing behavior interior to the orogen. As was seen in the pseu- Figure 12 . Pseudosections of computed r yx , f yx , f xy , and Re(K zy ) for joint inversion model of Figure  11a , which may be compared to data in Figures 4, 6 , and 7. Landmarks are as in Figure 4 . dosections, the TM fit of the FE inversion of Figure 10a is close, but the computed TE response of that model shows a steadily falling r xy and rising f xy as T increases and lacks the clear inflections of the data. A much better TE fit occurs with the joint TM-TE inversion model due mainly to the higher along-strike conductivity at depth. Modest degradation of the TM mode fit in the joint model is indicated by an inflection at T = 1-3 s.
Shallow Properties of the Alpine Schist
[53] Both r xy and f xy are fairly uniform and of good quality at sites 9809-9801 for T < 1 s over the Alpine Schist and were included in the TE-TM inversion model of Figure 11a . A magnified view of the upper crust here for both TM and joint models appears in Figure 14 along with sounding data and model fits. The joint model simulates the observed r a anisotropy factor of $10 at T = 0.1 -1 s with discrete dike-like structures, although again this could be due partly to model discretization, and anisotropy at smaller scales in the schist may be possible. However, similar anisotropy and macroscale variations are seen in the longoffset, transient EM (LOTEM) data of Caldwell et al. [1999] . A distinct conductor is not resolved at the Alpine Fault itself, as inferred by Ingham and Brown [1998] to the north along the Kokatahi River (Figure 1 ). Our TM mode data do not show their minimum in r yx and peak in f yx for T ffi 0.1 s, indicating that such structures vary along strike.
Geological Implications of Resistivity Structure
[54] Probable crustal temperatures beneath the South Island are too low to cause resistivities of <1000 m in dry, solid-state silicate minerals [e.g., Jones, 1992] . To explain our inferred crustal structure, conductive grain boundary phases interconnected over long distances (large fraction of conductor depth) must be invoked. In general, conducting phases may be fluids or solids (e.g., graphite) [Shankland et al., 1997; Wannamaker, 2000] , and we consider both here. External constraints on history, composition, and physical state of the deep crust allow us to assess conduction mechanisms and their possible geochemical and rheological implications.
6.1. Crustal Thickening, Metamorphism, and Fluid Sources Beneath the South Island
[55] The deepest portion of the lower crustal conductor lies over and within the crustal root zone, and root formation may be one mechanism for fluid generation (Figure 15 ). Such crustal thickening represents advection of material to deeper levels of the crust where it undergoes warming and thus prograde metamorphism [Miyashiro, 1994] . Thermal conduction into the root, internal shear, and radioactivity may contribute to the heating [Grapes, 1995; Huerta et al., 1998 ]. Below South Island, this material is mainly the deep metamorphic equivalent of Torlesse graywacke (schist) but includes the former Mesozoic oceanic crust upon which it sits [Walcott, 1998] .
[56] Fluids can be produced in rocks undergoing prograde metamorphism through hydrous mineral breakdown [Haak and Hutton, 1986] , with fluid composition constrained by ambient physical state and mineralogy [Miyashiro, 1994] . In the high-grade mineralogy of the root zone (garnet-oligoclase-biotite or higher), H 2 O activity at 500-600°C is <1 so any exsolved fluid from biotite cannot be pure water [e.g., Yardley and Valley, 1997] . However, both CO 2 and dissolved salts reduce H 2 O activity, and salts, in particular, permit free fluid even in granulite facies mineralogy [Shmulovich and Graham, 1996; Newton, 1997, 1998; Wannamaker, 2000] .
[57] Although high-temperature fluids rising through uplifted schist may have a deep crustal component [Craw et al., 1987; Johnstone et al., 1990] , the original chemistry is obscured by mixing with meteoric water and reequilibration with new host rocks [Upton et al., 1995; Craw, 1997; Koons et al., 1998; Templeton et al., 1998 ]. Low-grade schist unaffected by Late Cenozoic orogeny contains Mesozoic fluid inclusions formed at 15-20 km depth with salinities predominantly in the 2.5-5 wt % range, suggesting nearly direct derivation from the original sedimentary seawater pore fluid [Smith and Yardley, 1999] . Globally, deep crustal inclusion salinities commonly exceed 20 wt % [Shmulovich and Graham, 1996; Aranovich and Newton, 1996] . Relict halite crystals are observed in oligoclase zone Alpine schist [Grapes, 1995] , and fluids released near the brittle-ductile transition may have salinities up to 10 wt % [Vry et al., 2001] . Thus it seems probable that high-salinity fluids are present at ambient temperatures in the deep crust of the South Island.
Fluid Content and Implications for Ductile Rheology
[58] The amount of fluid causing a specific bulk resistivity (r) depends upon fluid resistivity (r f ) and the efficiency of its interconnection through the mineral host [e.g., Madden, 1976] . Aqueous fluids of seawater to high salinity (4 to >20 wt %) are $0.05-0.01 m at the pressuretemperature conditions of the deep conductor (P t > 3 kbar and T > 250°C) [Nesbitt, 1993] . As a theoretical lower bound, grain edge or grain face fluid interconnection [Holness, 1996 [Holness, , 1997 would imply small nominal porosities (j) of 0.02 -0.2% in the deep, low-resistivity zone of the TM mode model ($100 m; Figure 10 ) [Grant and West, 1965] . On the other hand, the much lower along-strike resistivities inferred in the lower crust (e.g., $10 m in Figure 11 ), if caused by fluids, suggest cross-sectional j up to 1% or more for efficient (grain edge) pore geometries. More tortuous, intergranular Archie's law models [Grant and West, 1965] would imply j in ranges of 0.2-1% and 0.5-3% across and along strike in the conductive zones.
[59] However, syntectonic fluid flow at depth in the South Island crust should concentrate into faults, shears, and other lithological controls during metamorphism and deformation [Graham et al., 1997; McCaig, 1997] . Bulk transport through shear zones can exceed that of the relatively undeformed host rock by a factor of 1000. Fluid in the regionally interconnected ''backbone'' shear structures may dominate bulk conductivity, but these constitute a small fraction of the fluid-bearing shear porosity [Cox, 1999] . Diffusive EM methods like MT are unable to resolve individual deep crustal shears, but rather only a broad possible volume within which they may lie. Given the intense deformations of the Alpine Schist, the unknown degree of stranded versus interconnected porosity, and the variable proportions of grain-scale versus shear zone porosity, precise quantification of fluid volume in the lowresistivity zones is not possible.
[60] If quartzo-feldspathic metagraywacke compositions dominate the South Island lower crust, our inference of fluids there suggests that deformation, at least at grain scales, may be controlled by diffusion creep [Tullis, 1990; Tullis and Yund, 1991] . In this mechanism, fluid contents <0.5 vol % can reduce rock strength to almost immeasurably low values. Moreover, shear deformation itself promotes the tendency for pore fluids to wet grain boundaries in feldspathic rocks [Tullis et al., 1996] , further enhancing creep, weakening, and bulk transport. High-conductivity structure in the deep crust hence may represent a zone of weakness and a possible host for regional detachments [McCaig, 1997] (Figure 15 ). The higher along-strike conductivity zone under the western Figure 14 . TE (xy) and TM ( yx) mode data at short periods over the Alpine Schist, plus shallow level resistivity cross sections from TM and joint TM-TE inversion. Solid curves with the data are the TM and TE responses from the joint inversion, while the dashes curves are the TE response of the TM only inversion. The r xy data and responses are not static shifted relative to r yx . Alpine Fault is AF, and biotitechlorite transition is denoted by bi-ch (above) and bc (below). orogen ( Figure 11 ) corresponds approximately to the fluid-rich dilatant region modeled in coupled deformation-fluid flow studies by Upton [1998] , and the lesser one under the Erewhon-Mesopotamia area perhaps is analogous for backthrusting. Higher strains appear to enhance the degree of long-range shear interconnection [Cox, 1999] , so the higher conductivity in the strike direction may reflect the dominantly strike-slip sense of South Island movement.
[61] The dip of the lower crustal conductor projecting toward the Alpine Fault is 50-60° (Figure 10 ), somewhat steeper perhaps than the 50°estimate of Alpine Fault dip by Walcott [1998] . However, projection of planar slip beyond 15 km depth is difficult [Beavan et al., 1999] , and the domain of deformation in the ductile regime may be diffuse. The highly thinned, extrusive nature of the schist underscores the complexity of ductile material movement at depth, and we deliberately choose not to depict the possibility of a single, master detachment at depth. On the southern SIGHT transect, a similarly placed low-velocity region inferred from combined active source/earthquake seismic tomography encompasses our low-resistivity zone (Figure 15 ) [Stern et al., 2001] . The high mantle resistivities we infer support the model of Stern et al. [2000] , where downward advection of cooler mantle lithosphere helps to create the crustal root and to explain the gravity and teleseismic results.
[62] The thickened, fluidized lower crust of the New Zealand Southern Alps has been compared to that of the Himalaya-Tibet orogen [Walcott, 1998 ]. The latter also shows low resistivity in the deep crust, much more so even than the South Island, but the Tibetan orogen is a more extreme case evidently undergoing melting in both the crust and upper mantle [Wei et al., 2001] . True subduction with mantle melting and input to the crust appears unlikely beneath the central South Island, which in the case of the thickened Andean orogen causes large and widespread decreases in resistivity in the crust and upper mantle [Schilling et al., 1997] .
Brittle-Ductile Transition and Alpine Exhumation
[63] We associate the shallowing of the lower crustal conductor toward the Alpine Fault in Figure 10 with the exhumation of high-grade schist and uplift of the brittleductile transition here implied by the thermal models. Worldwide surveys of deep electrical resistivity suggest that high, lower crustal conductivity has an upper depth bound near the brittle-ductile transition, where a permeability contrast may exist [Jiracek, 1995; Jiracek et al., 1995; Sibson and Scott, 1998 ]. The nearly isothermal state of Grapes [1995] , Craw [1997] , Upton [1998] , and Walcott [1998] .
uplifting ductile schist helps preserve free fluid to higher levels by impeding rock retrograde reactions. However, it is significant that high conductivity does not project right to the trace of the Alpine Fault itself (Figure 10 ). Rather, it deflects surfaceward some 5 -10 km inland of the trace at a depth of $10 km, which is approximately the brittle-ductile transition in the exhuming, metamorphosed schists [e.g., Craw, 1997; Beavan et al., 1999] .
[64] Thus we interpret that fracturing occurs in the Alpine Schist as the brittle-ductile transition is crossed by the uplifting ductile rocks. Fluids under lithostatic pressure thereby are released and able to rise buoyantly toward the surface through formation of an interlinked fault-fracture mesh [Sibson and Scott, 1998] (Figure 15) . Below in the ductile regime, fluid can be held at lithostatic or even slightly higher pressures in subhorizontal fractures by a transpressional state of stress. Relict horizontal fractures of this sort are observed in exhumed rocks of both greenschist and amphibolite grade between the Alpine Fault and the Main Divide and are interpreted to have formed beneath the brittleductile transition [Craw, 1997] . This process has generated Late Cenozoic fluidized veining over a wide extent, which may cause the mildly enhanced conductivity approaching the surface at several places ( Figure 10 ). Fluid pathways can be influenced by several factors, including compositionbased permeability contrasts within the Torlesse formation [Grapes et al., 1998 ]. Closer than 5 -10 km from the Alpine Fault, the schist has been depleted of most fluids and is resistive and electrically isolated from the deep crustal conductivity. This depleted state may facilitate elastic strain buildup to depths of 5-8 km, as suggested from geodetic results [Beavan et al., 1999] , although localized fluid zones within the brittle schist are suggested by the MT data. This interpretation of fluid generation and movement is favored also by Vry et al. [2001] based upon H-O-C isotopic studies.
[65] Uplift, embrittlement, and metamorphic fluid release provide a model for the Late Cenozoic, mesozonal goldquartz associations of the Southern Alps [Craw et al., 1987; Johnstone et al., 1990; Becker et al., 2000] (Figures 1 and 15) . Abrupt reduction of fluid pressure and temperature as rock fractures during uplift across the brittle-ductile transition and the mixing of deep reduced fluids with oxidized meteoric water cause gold precipitation from the metamorphic fluids. This process is a common element of mesothermal gold deposits worldwide, formed in postpeak metamorphic conditions in convergent orogens [Kerrich, 1999; Cox, 1999; Pettke et al., 1999 Pettke et al., , 2000 . The source depth of the gold-bearing fluids may be >10 km below that of mineralization itself, indicating a depth of origin perhaps >20 km. We believe that our MT transect has glimpsed this fluid production and transport of the modern regime below New Zealand's Southern Alps.
Conductor of the Forest Creek-Lake Heron Fault Zone
[66] In all our inversion models the lower crustal conductor rises not only northwestward toward the Alpine Fault trace, but also southeastward to crop out just beyond Mesopotamia Station. Here it is coincident with the Forest Creek-Lake Heron fault zone, a major backthrust with up to 5 km of top-to-southeast displacement [Cox, 1995; Upton, 1998 ]. It roughly parallels the Alpine Fault $65 km away and is one of several backthrusts both observed and predicted [Cox and Findlay, 1995; Upton, 1998; Beaumont et al., 1996; Batt and Braun, 1999] . This zone may link along strike with the Irishman's Creek fault to the southwest, where gas discharges and mud springs have been observed (T. Stern, personal communication, 1999) , and with the Clent Hills zone to the northeast [Cox, 1995] .
[67] Enhanced crustal temperatures, hydrothermal fluid expulsion, and mesothermal gold deposition in backthrust zones are also recognized, though to a much lesser degree than near the Alpine Fault ]. Recently, a 40-m-thick fault zone of cataclasis and alteration has been mapped near Forest Creek, and carbon and oxygen isotopic data are consistent with upward transport of midcrustal fluids here [Upton et al., 2000] . We suggest that intrusives of the Mount Somers group, whose limited surface expression may mask their true volume at depth [see Grunder, 1995] , could serve as a backstop to this thrusting, much as the more extensive plutons of the northwestern Foreland province may help to define the Australian plate as a rigid indentor.
Role of Graphite in Conductivity
[68] Interconnected graphite can be highly conductive and produces strong, regional anomalies in numerous fossil suture zones, particularly those holding former organic-rich basins [Hjelt and Korja, 1993; Boerner et al., 1996; Wannamaker, 2000] . Graphite occurs in the metamorphosed graywacke of the South Island, though mainly in the basal Aspiring lithology closest to the Alpine Fault [Grapes et al., 1998; R. H. Grapes, personal communication, 1999] . Deep metamorphic source fluids for gold mineralization in the western orogen are reduced and in apparent equilibrium with graphite at depth [Craw et al., 1987; Johnstone et al., 1990] . However, for the deep conductor to be due to the original Aspiring horizon implies that it remains structurally coherent until 60-70 km southeast of the Alpine Fault at a depth of 25-30 km. Moreover, this simple case cannot explain the Forest Creek-Lake Heron conductor, which cuts steeply across the original stratigraphic disposition.
[69] On the other hand, remobilized hydrothermal graphite typically forms vein-like textures and can establish a long-range conducting phase [Luque et al., 1998; Pasteris, 1999; Wannamaker, 2000] . This may apply to the South Island conductor, and such graphite is seen in the exposed, gold-bearing veins [Johnstone et al., 1990] . A higher proportion of fluid pathways along regional strike induced by strike-slip shear [cf. Cox, 1999] could also influence graphite geometry, providing a possible explanation for the lower crustal resistivity along strike (Figures 10 and 11) . Nevertheless, mere consideration of this concept returns us to the role of fluids. These would be necessary to redeposit the graphite in the near-vertical projection of conductivity surfaceward in the Nolan's Flat area and in the much larger, steep conductor rising to Forest Creek. Ultimately, high conductivity of the Southern Alps orogen may result from a combination of fluid and solid conducting phases (principally graphite) [Shankland et al., 1997] .
Summary and Conclusions
[70] The New Zealand Southern Alps project underscores the value of dense, high-quality MT observations in provid-ing well-resolved images of electrical resistivity structure at crustal scales. Our interpretation of physical conditions within the South Island orogen based on model resistivity structure and other geoscientific information is summarized as follows. Using the Australian plate as a fixed reference frame, convergence of Pacific plate lithosphere from the southeast is accommodated in part by formation of a lower crustal root and advection of cooler material to greater depth. The developed root is a locus of fluid production from prograde metamorphism facilitated by conductive, shear, and radioactive heating. The MT data are consistent with a diffuse zone of assumed fluidization at a depth of $25 km but owing to resolution of the method, the zone could be composed largely of discrete lower crustal detachments.
[71] In the northwest, interconnected fluid migrates toward the Alpine Fault trace in ductile, uplifting schist. Concentrated extrusion of schist toward the fault promotes a shallow occurrence of the brittle-ductile transition, at a depth and southeastward displacement from the fault of up to 10 km. Embrittlement of schist crossing this transition causes a change from lithostatic to hydrostatic fluid pressure and upward release of fluids to the surface where they mix with meteoric waters. The brittle schist continuing to the Alpine Fault trace is depleted of fluids and is resistive. To a lesser degree, some exhumation and release of lithostatic fluids occurs inland of the Alpine Fault in lower-grade rocks as far as the Main Divide. The resistivity structure implies electrical connection of fluid, perhaps aided by fluid-mobilized graphite, from the surface to >20 km depth in the crust. The dipping low-resistivity zone may mark the deep origin and ascent of gold-bearing fluids on their way to release and deposition in mesothermal vein deposits. A southeast dipping low-velocity zone has been imaged at a corresponding location along strike to the south. Conductivity of the lower crust appears greater in the along-strike direction than across strike, consistent with higher strains in this direction inducing more efficient interconnection of fluid and graphite.
[72] A major resistivity expression in the Forest CreekLake Heron fault zone was a surprise but does highlight the doubly vergent nature of the orogen. While high-temperature fluid flux has also been discovered there, the thrust displacement on this zone is much less than that of the Alpine Fault, and high-grade schists have not been exhumed. Thus the mechanism of fluid transport to shallow depths may differ somewhat for the Forest Creek-Lake Heron zone, in that possible fluid movement by direct host rock advection is less apparent than for the Alpine schist. No seismic low-velocity zone currently is resolved with the Forest Creek structure. Little or no extension of low resistivity is seen southeastward toward the Canterbury Plains, implying that orogenic effects there are weak. High resistivities in the upper mantle are consistent with a thickened root of cooler mantle lithosphere.
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